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Studies of the nature of the most effective methods of regulating the liquefaction and fluidity of kaolin from 
the Zhuravlinyi Log deposit are reviewed. Data on the material, mineral, and microaggregate compositions of 
different types of kaolin as well as the particulars of the morphology and crystal-chemical properties of 
kaolinite are presented. It is shown that kaolin microaggregates consist of a mixture of kaolinite of different 
sizes — from large to small with average degree of ordering, right up to ultrafine and x-ray amorphous. 
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At present the Zhuravlinyi Log deposit is practically the 
only domestic source of kaolin-containing materials with 
proven reserves of eluvial kaolins. The suitability of kaolin 
as the main component of ceramic mix is determined, on the 
one hand, by the technological properties of slip and ceramic 
mix based on it and, on the other hand, by the coloristic pro¬ 
perties of ceramic articles. According to its coloristic grada¬ 
tion [1] kaolin can be used for the production of high-quality 
porcelain with high whiteness as well as for sanitary and 
building ceramic. However, enriched kaolin for the produc¬ 
tion of ceramic articles by means of casting is of limited used 
because of poor liquefaction and fluidity of the slip [2, 3]. 

For purposes of studying the reasons for the poor lique¬ 
faction of kaolin from the Zhuravlinyi Log deposit (ZLD) 
and the poor fluidity of suspensions based on it, the material, 
mineral, and particle-size compositions of kaolin as well as 
the structural and crystal-chemical particulars of kaolinite 
were analyzed. 

From the moment ZLD began operations the main work 
concerned the study of the mineral composition and its effect 
on the technological properties. A systematic study of the 
mineral composition of kaolin raw material and the crystal- 
chemical particulars of kaolinite to confirm the reserves at 
the Glebychev Ceramics Works of the Russian Federation 
was performed at the Central Scientific-Research Institute 
Geolnerud in Kazan’. Subsequently, the technological scien- 
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tific-research work was based on these results. Specifically, 
the poor liquefaction of kaolins from Zhuravlinyi Log was 
attributed to the presence of halloysite in them. However, in 
the course of the operation of the deposit it became necessary 
to perform additional work, which showed that together with 
this ultrafinely dispersed particles of kaolinite as well as the 
presence of a smectitic component and aluminosilicate gel 
can have a similar effect. The studies of kaolinite performed 
under the direction of R. Kitagawa at the University of Hiro¬ 
shima have confirmed that halloysite is undeveloped in the 
ZLD kaolins, while smectites are widely disseminated in 
them but in negligible quantities. 

Work performed in recent years has shown that there is a 
direct relationship between the composition of biota together 
with the products of their metabolism and the technological 
properties of kaolin. 

Natural types of green kaolin are distinguished by their 
textural and structural features reflecting the formation 
method [4]: clayey rocks in which the relict texture and 
structure — granite, pegmatite, and gneiss — is preserved 
are classified as eluvial; rocks in which relict structure is not 
seen are classified as diluvial (re-deposited kaolin). The 
eluvial weathering crust along leucocratic granites and 
gneisses is the predominate form found at the ZLD deposit. 
Diluvial deposits occur sporadically in the form of pockets at 
the top of the weathering crust. 

Three types of principal industrial-technogenic kaolins 
are distinguished according to chemical composition: 

- A — normal kaolin according to leucocratic granites; 
content K 2 0 + Na 2 0 < 1.5%; 
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TABLE 1. Mineral Content after Primary Enrichment 


Kaolin 

type 


Content, wt.% 


Kaolinite 

Feldspar 

Quartz 

Mica 

A 

87-91 

<2.2 

5-8 

2-3 

Bi 

71-81 

10-16 

6-9 

4-6 

b 2 

66-76 

15-20 

6-9 

4-6 

C 

80-90 

1-2 

6-9 

4-6 


- B [ and B 2 — alkaline kaolins according to leucocratic 
granites; content K 2 0 + Na 2 0 > 1.5%; the fraction < 63 pm 
comprises 50% (B[) and 2 % (B 2 ); 

- C — kaolin according to gneisses (apogneiss). 

Alkaline kaolins are developed at the bottom of the pro¬ 
file of the weathering crust [5]. 

Differences between Different Types of Kaolins with 
Respect to Mineralogical Composition. With respect to the 
principal rock-forming minerals, as determined by the x-ray 
diffraction ZLD kaolins of different types are similar and 
consist of quartz, kaolinite, microcline, and hydrated musco¬ 
vite (in apogneiss — muscovite and biotite) in different ratio 
for different types. The content of the principal minerals in 
green kaolin material varies considerably (wt.%): 30 - 70 
kaolinite, 30-50 quartz, 1-18 potassium feldspar, 
3-9 mica. After primary granulometric enrichment of dif¬ 
ferent types of kaolins their content of kaolinite increases as 
a result of large aggregates of quartz, feldspar, and mica be¬ 
ing sifted out (Table 1). 

Montmorillonite as an independent mineral phase is en¬ 
countered in negligible quantities in single samples. How¬ 
ever, subsequent studies revealed the presence of a smectitic 
phase [6], Halloysite 10A has been determined in single 
cases in re-deposited kaolins by means of x-ray diffraction. 

X-ray diffraction analysis makes it possible to distin¬ 
guish two forms of halloysite 10A — halloysite proper (with 
the first basal reflection near 9.8 and 10 A) and 7A — 
metahalloysite (with the first basal reflection 7.3 - 7.6 A), 
which is a product of partial degradation of halloysite [7]. It 
should be underscored that the term “halloysite” is applica¬ 
ble exclusively to tubular particles containing molecular wa¬ 
ter within their structure. 

In samples of different types of ZLD kaolin the first 
basal reflection of kaolinite near 7.2 A is ordinarily asym¬ 
metric with a distinct shoulder 7.4 - 7.8 A, which can be as¬ 
cribed to halloysite 7A [6], Parameters that make it possible 
to identify the individual reflection of halloysite and evaluate 
its relative amount, which with respect to kaolinite is approx¬ 
imately 5 - 10%, were obtained during mathematical pro¬ 
cessing of the diffractions patterns using software in a man¬ 
ual regime. It should be noted that an increase of the 
interplanar separation can attest to the presence of kaolinite 
in the form of disordered occurrence of layers with a large 
basal distance, for example, smectitic kaolinites or kaolinites 


containing molecular water. The shape of the first basal re¬ 
flection is different in different samples. 

The thermal behavior of the kaolin samples was con¬ 
ducted in the temperature interval 30- 1200°C using a 
Netzsch STA409PC Luxx synchronous thermal analyzer. An 
endothermal effect in an approximate interval 30 - 200°C 
with mass loss 0.56 - 2.27%, indicating the presence of wa¬ 
ter molecules, possibly associated with the presence of 
halloysite, mixed-layered minerals with smectite layers, or 
aluminosilicate gels, is recorded for all experimental sam¬ 
ples. In the temperature interval 490 - 780°C, a distinct 
endothermal effect peaking at temperature 542 - 550°C, as¬ 
sociated with the amorphization of kaolinite, is recorded for 
all samples. In most samples a weak endothermal effect, 
which is not accompanied by a distinct mass loss, is recorded 
in the interval 930 - 950°C; this effect could be due to the 
destruction of the mica structure and the formation of melt 
due to ultrafine particles and aluminosilicate gels. An 
exothermal effect peaking at temperature 1004- 1011°C is 
recorded at high temperatures, 950- 1038°C; this effect is 
due to the crystallization of mullite. 

Electron-microscopic studies show that two types of 
elongated particles — planar particles 20- 100 pm in size 
and tubular crystal to 6 pm are present in the ZLD kaolins. 
Only the tubular crystals can be regarded as halloysite [7]. 
According to studies performed by the authors, the total 
amount of tubular precipitates is small and less than 1 vol.% 
of the total number of particles, along which clump-like pre¬ 
cipitates predominate. 

It is noted in [8] that the halloysite content is higher in al¬ 
kali kaolinites than in normal kaolins. The largest amount of 
halloysite is found in apogneiss (type C) and re-deposited 
(diluvial) kaolins. 

Comparing data from optical and x-ray analysis showed 
that the term halloysite applied to ZLD kaolins is imprecise. 
On the one hand the content of classic tubular halloysite is 
negligible in high-quality samples and cannot give individu¬ 
alized reflections in diffraction patterns. On the other hand in 
practically all diffraction patterns the form of the first basal 
reflection of kaolinite is complicated by a shoulder in the 
low-angle region that can be identified as halloysite 7A. 

Thus, despite its negligible amount it is precisely the 
presence of halloysite that is one of the reasons for the insta¬ 
bility of the technological parameters of kaolins [6]. This ex¬ 
plains the high absorption power indicators on the one hand 
and the poor liquefaction and fluidity of kaolin on the other. 
In addition, smectite was found in kaolin samples; this un¬ 
doubtedly promotes an increase of its absorption power. 

Microaggregate Composition of Kaolin and Kaolinite 
Morphology. The sizes of the aggregates and structural-mor¬ 
phological features of kaolinite are basic indicators affecting 
the rheological properties of a kaolin suspension. The 
microaggregate composition of four natural types of kaolin 
A, B l5 B 2 , and C (< 63 pm size fraction) separated on a sieve 
was determined by the sedimentation method following 
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GOST 23905. The presence of aggregates of different 
strength can be established according to the degree of their 
disaggregation by a 4% solution of sodium pyrophosphate. 
Strong microaggregates withstand such treatment [9], ZLD 
kaolins of different natural types are distinguished according 
to the size of the aggregates — type A and especially gneiss 
type C kaolins have on average a high yield for all four frac¬ 
tions < 20, < 10, <5, and < 2 pm as compared with B] and 
B 2 type alkaline kaolins. Therefore, on average the aggregate 
size for alkaline kaolin is larger than for normal kaolin. It can 
be supposed that the alkaline kaolins largely withstand this 
treatment and, correspondingly, have stronger interparticle 
contacts. The contact strength is explained by the type of 
contacts on the one hand and by the crystal sizes on the other. 

Electron-microscopic studies of kaolin have revealed a 
difference in the sizes of kaolinite between samples of differ¬ 
ent natural types: 

- normal kaolin (A) is represented by kaolinite crystals 
ranging in size from 0.5 to 1.5 — 2.0 pm; their shape is pseu- 
dohexagonal isometric and less often thin-plate-like with 
sharp contours; smaller particles lose their profile and con¬ 
tour sharpness; large aggregates are present; 

- gneiss kaolins (C) and alkali kaolins (Bj and B 2 ) con¬ 
sist of smaller kaolinite crystals with pseudohexagonal 
shapes 0.2 - 1.0 pm in size, often of fragmentary type, more 
prone toward aggregation. 

Examination of ZDL kaolinite using a Phillips CM 12 
transmission electron microscope with pictures of the 
microstructure being obtained showed a clear particle-size 
dependence of the morphological parameters and the struc¬ 
tural order of kaolinite [10]. The especially noticeable 
changes are associated with the fine fractions, starting at 
10 pm; the most sharply manifested changes occur in the 
<0.5 pm fraction. Hexagonal kaolinite crystals with grain 
size (4 - 4.5) x (6 - 7) pm are characteristic for the 5-10 pm 
kaolin fraction, hexagonal with 1-3 and 0.6 - 0.8 pm edges 
1-5 and 0.5 - 1.0 pm, respectively. If almost ideal micro- 
diffraction patterns with a hexagonal intensity distribution 
were obtained for 5-10 and 1 -5 pm fractions, pseudo¬ 
hexagonal motifs of reflections were obtained for the 
0.5 - 1.0 pm fraction while typical powder patterns were ob¬ 
tained for the < 0.5 pm fraction. Kaolinite particles < 0.5 pm 
are characterized by almost complete absence of sharp 
boundaries and the lowest perfection and degree of arrange¬ 
ment on the boundary of the crystalline state, but complete 
amorphousness is not observed. For this reason it can be as¬ 
sumed that particles or blocks of kaolinite, determined by 
size as ultrafine, i.e., comparable in size to x-ray wave¬ 
lengths, are present in ZLD kaolin [11], The ultrafineness of 
kaolinite results in a change of its structural state and an in¬ 
crease of the sizes of kaolin microaggregates. 

Thus, different types of kaolins are distinguished by the 
microaggregate composition: alkaline kaolins of different 
fractions as compared with normal kaolin have on average 


larger aggregates. Since microaggregates are not broken 
down by sodium pyrophosphate, this attests to strong nature 
interparticle contacts. Kaolinite sizes vary in a wide range 
right up to sizes comparable to the ultrafineness and bound¬ 
aries of the amorphous state. 

Structural and Crystal-Chemical Particularities of 
Kaolinite. The degree of structural perfection of kaolinite 
has a large effect on the rheological properties of kaolin sus¬ 
pensions: the higher the index of crystallinity of kaolinite, 
the better the liquefaction of kaolins. 

Several methods have been proposed to make a quantita¬ 
tive assessment of the degree of structural perfection of 
kaolinite. These methods are based on the use of different 
resolution and changes in definite reflections in the x-ray dif¬ 
fraction patterns [12, 13] and on the line intensities in the 
electron paramagnetic resonance spectrum (EPR) [14- 16]. 
Diffraction methods are used to reveal and analyze 
long-range order in the structure of kaolinite, while aside 
from determining the crystallinity index EPR spectroscopy 
makes it possible to identify point defects, including point 
substitution defects and electron - hole centers (EHC). 

Usually, the Hinckley index j_ R is used to determine the 
degree of structural perfection of long-range order in 
kaolinite. The differences in the degree of long-range order 
can be due to different factors — displacement of the adjoin¬ 
ing layers relative to one another, presence of dislocations, 
presence of water molecules in the interlayer positions, and 
so forth [15]. The value of Xr for kaolinite fractions from 

< 63 to < 20 pm varies from 0.61 to 1.12 and characterizes 
the structure of kaolinite on average as medium-perfect. In 
the interval of these values of % R for kaolinite of normal kao¬ 
lin varies from 0.87 to 1.12, exceeding the corresponding 
values for kaolinite of alkaline kaolin (from 0.61 to 0.91). If 
X R is related with the degree of structural ordering of 
kaolinite, the reciprocal values of the half-width of the re¬ 
flection fi? 001 , whose values are measured in degrees 0, char¬ 
acterize the sizes of kaolinite crystallites along the c axis 
(Xd )• The indices %r and Xd f° r granite and gneiss kaolins 
(type A and C) are larger than the corresponding indices of 
alkaline kaolin (types B, and B 2 ). In all kaolins of different 
natural types, as the fractional size decreases from < 63 to 

< 20 pm, the indices Xd an d Xr decrease. Therefore, kaolinite 
in fine fractions possesses smaller crystallites and is more 
defective. Comparing data from electron microscopy and 
x-ray diffraction confirms the results of [7], according to 
which poorly crystallized kaolinite is encountered in the 
form of irregularly formed hexagonal flakes and possesses 
smaller crystals. Thus, the crystallinity indices and crystal¬ 
lites of kaolinite in normal kaolin are larger than in alkaline 
kaolin. 

The room-temperature EPR spectra of kaolinite in kaolin 
samples of different fractions were recorded with a RE-1306 
radiospectrometer at frequency 9370 MHz. Two types of 
paramagnetic defects have been found in ZLD kaolins: para¬ 
magnetic iron ion Fe 3+ impurity and EHC. Correspondingly, 
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several groups of signals are distinguished in the EPR spec¬ 
trum: 

- a wide signal in the range g ~ 2.0 - 3.0 is associated 
with iron oxides adsorbed on the surface of kaolinite and 
with particles of iron minerals; 

- a series of lines in the region g ~ 2.0 is formed by at 
least three different EHC. 

The wide, asymmetric signals with g-factor in the range 
2.0-3.0 are characteristic for iron with different structural 
organization — from molecular-cluster and supermagnetic to 
the crystalline state of iron minerals [18], Unfortunately, this 
method cannot be used to determine which iron fraction is 
found in the form of minerals in the rock volume and which 
is adsorbed on the surface of kaolinite, forming phase con¬ 
tacts between particles with formation of strong aggregates. 

Of special significance among point defects are substitu¬ 
tion defects Fe 3+ —> Al 3+ , since iron is the principal impurity 
in natural kaolins [19] and, as assumed, affects the degree of 
ordering of kaolinite and the particle sizes. An extensive 
study of the EPR spectra of Fe 3+ for kaolinite has been per¬ 
formed [14-16, 18 - 24]. It is shown in [15] that the EPR 
signals in a weak magnetic field g ~ 4.0, which were re¬ 
corded in the form of a triplet, are ordinarily interpreted as a 
superposition of the spectra of two centers: Fe(I) center — 
central line with g ~ A.21 and Fe(II) center with side lines 
with g values 4.9, 3.7, and 3.5. There is no single opinion 
concerning the structural position of Fe 3+ ions. Most re¬ 
searchers assume [15] that the two centers Fe(I) and Fe(II) 
correspond to the substitution Fe 3+ —> Al 3+ at the octahedral 
position of the kaolinite layer, which differ by the crystal 
field and different degree of distortion. Other researchers 
show [20] that the central line of the Fe(I)-center belongs to 
Fe 3+ in tetrahedral positions inside crystallites and on the 
basal surfaces: the outer lines of a Fe(II)-center are due to the 
substitutions Fe 3+ —> Si 4+ on the side surfaces of the kaolinite 
particles. It has also been shown [15] that these signals could 
be associated with stacking faults, the presence of layer of 
dickite or perturbations due to radiation damage. Lumines¬ 
cence spectroscopy has revealed uranyl impurities in ZLD 
kaolin [21]; these impurities can produce structural defects 
and EDC as a result of radiation emission. Thus, the intensity 
of different EPR signals and therefore the concentration of 
the corresponding defects in kaolinite can vary considerably 
from one kaolin sample to another. 

The relative contributions of both types of centers Fe(I) 
and Fe(II), differing by the intensity of the EPR signals, to 
the degree of ordering in kaolinite has been demonstrated in 
[22]: ordered kaolinite with average specific surface area 
shows the strongest signal at the position of the Fe(II) center, 
while disordered kaolinite with a large specific surface area 
shows the same in the position of the Fe(I) center. According 
to [23], the relation Fe(I) > Fe(II) holds for ZLD kaolins. 
Therefore, kaolinite from this deposit is structurally less or¬ 
dered and it can be assumed that it possesses the largest spe¬ 


cific surface area. This supposition has been confirmed ex¬ 
perimentally. 

The EPR study of washed fractions of kaolinite with par¬ 
ticles of different size (from 0.5 to 5.0 pm) showed [10] that 
the EPR signals due to the Fe(I) center remain unchanged 
while the Fe(II) signals broaden. The latter effect is due to 
the finest of the fractions studied, which is represented by 
particles of irregular shape, resembling fragments of hexago¬ 
nal crystals. 

The shape and intensity of the EPR signal due to the iron 
structure can be used as a sensitive indicator to explain the 
long-range order comparable to the values of the index % R . 

The value of the crystallinity index is calculated as the 
ratio of the sum of the intensities J of the peripheral lines of 
Fe(II) of the triplet EPR spectrum of Fe 3+ ions to the inten¬ 
sity of the central line. Thus, this parameters is dimension¬ 
less [24]: 

v _>^3.7 + ^4.9 
^EPR r > 

^ 4.2 

where J 3 7 , J A 2 , and J 4 9 are the intensity values of the g- factor. 

Compared with alkaline kaolin, normal kaolin has higher 
values of the kaolinite crystallinity index according to both 
the x-ray diffraction data Xr (0.89-1.12 for normal kaolin 
versus 0.68-0.91 for alkaline kaolin) and the EPR data, 
X EP r(1.14 - 1.30 and 0.90 - 1.22, respectively). 

At least three centers have been identified in the region g 
~ 2.0 [16]. Two are A and A' centers (trapped hole on oxygen 
in the Si-0 band). Correspondingly, their orientation is par¬ 
allel and perpendicular to the ab plane. The third one is a B 
center (hole on oxygen, binding A1 in two adjoining octahe¬ 
dral positions Al VI -0 _ -Al VI ). Heat treatment showed that 
the thermal stability of the centers decreases in the order 
A> A' > B in the temperature range to 450°C (the B center 
completely vanishes to 300°C; the A' center vanishes at 
400°C in a time longer than 2 h; the A center is stable to 
450°C) [15], 

The EHC intensity in the EPR spectrum of ZLD kaolin 
varies over a wide range — from 0.50 to 1.40 with the values 
for granite kaolins predominating over the corresponding 
values of alkaline kaolin (0.90- 1.40 and 0.50- 1.08, re¬ 
spectively). It has been observed that the intensity of EHC of 
normal kaolin is higher than that for alkaline kaolin [23]. The 
intensity of EHC in the weathering profile of ZLD kaolin is 
an order of magnitude higher than for kaolin from the 
Chaimat [23] and Kovyl’noe [24] deposits. Such EHC are 
charge-compensated and do not disrupt the long-range order 
in the structure of kaolinite but do affect the sorption power 
of kaolinite. 

It is known that as the crystallinity index and particle 
size of kaolinite decrease, the sorption power of the particles 
increases [25]. It has been shown that the particle size is the 
more significant indicator for the cationic exchange volume, 
since as particle size decreases, the charge along the broken 
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TABLE 2. Technological Properties of Different Types of Kaolin 


Natural kaolin 

rroperty indicators 

A 

Bi 

b 2 

C 

Fractional yield, wt.%: 





< 20 pm 

78.4 

66.6 

63.2 

78.3 

< 10 pm 

65.3 

54.3 

50.6 

67.6 

< 5 pm 

49.7 

40.2 

37.5 

54.1 

< 2 pm 

36.9 

29.3 

27.5 

42.0 

Adsorption according to methy- 





lene blue, mg/g: 





fractions, < 63 pm 

17.6 

18.9 

20.0 

21.0 

fractions, < 20 pm 

21.0 

23.5 

24.5 

25.2 

Ultimate bending strength, MPa 

1.85 

2.44 

3.16 

2.85 

Shrinkage, % 

4.3 

4.5 

5.5 

4.9 


edges of the hexagonal plates increases more than in the case 
of charge due to the isomorphic substitution Al 3+ —> Si 4+ and 
determining the degree of structural ordering of kaolinite. 
For this reason, the edge sections of the crystals at the loca¬ 
tions of broken bonds and to a lesser degree the exterior 
basal facets are the main active surface of kaolinite that in¬ 
fluences the sorption power. 

Thus, the following conclusions can be drawn on the ba¬ 
sis of the study of the structural and crystal-chemical particu¬ 
larities of kaolinite: 

- the degree of ordering and particle-size of kaolinite 
decrease successively from normal to alkaline kaolin; 

- the differences in kaolinite ordering between samples 
of different types of kaolin and among samples of each type 
of kaolin are due to the change in the ratio of the sizes of the 
kaolinite precipitates, i.e., kaolin consists of a mixture of 
kaolinite of different sizes: large particles with average de¬ 
gree of ordering and small particles, right up to ultrafme, 
x-ray amorphous particles with low ordering; 

- higher EHC intensity is characteristic for normal and 
gneiss kaolins as compared with alkaline kaolin. 

It can be supposed that the low ordering of kaolinite, 
which is due to, first and foremost, small crystal sizes, as 
well as the high EHC intensity in a complex determine its 
high sorption power (Table 2). 

Material Composition of Different Types of Kaolin, 
Factors Resulting in a Change of Microstrueture and Ra¬ 
tio of Types of Interparticle Contacts. The material com¬ 
position is a sensitive indicator of kaolin formation. Different 
combinations of types of contacts, the character and area of 
individual contacts as well as their number are important in¬ 
dicators of kaolin microstructure on which the strength and 
rheological properties of kaolin depend. The material com¬ 
position reflects the effect of different abiotic (wetting - dry¬ 
ing; freezing - thawing) and biochemical (biota activity) pro¬ 
cesses occurring in the weathering crust and with aging rocks 
in mines, leading to a change of the material composition. 


Together with clayey minerals — kaolinite with the aver¬ 
age ordering, halloysite with different water content, and 
smectite, which all form the basis of kaolin — ZLD kaolin 
contains an x-ray amorphous, inorganic component, organic 
compounds, and biota (differing by the composition of the 
metabolites and mechanism of their action). 

The natural microflora of ZLD kaolin is represented by 
aerobic heterotrophic, denitrifying and iron-reducing bacte¬ 
ria. The presence of organic acids in the kaolin (formiates, 
acetates, lactates, and others), which are potential donors for 
microbial metabolism, attests to microbial activity 
[9, 27 - 29]. Bio-accessible Fe (III), which is an electron ac¬ 
ceptor, is present in all kaolin samples [28]. In the presence 
of organic and mineral components in the kaolin, the 
microflora give rise to the formation of new chemical and 
biochemical systems in the direction of development of gley 
genesis [24], As ZLD kaolin is moistened, the medium is ini¬ 
tially weakly alkaline with pH = 8, while the redox state is 
moderately reducing with redox potential pe = 3.0 - 3.5, and 
these values gradually decrease during aging. Depending on 
the wetting time, a transition occurs from an aerobic to an¬ 
aerobic state with products of metabolism being released. 

Theoretically, disaggregation of clayey particles can oc¬ 
cur in a definite period of time solely due to a change in 
moisture content and temperature without any participation 
of biota. However, in moistened kaolin, the functioning of 
the biota accelerates the process of particle disaggregation 
and peptization of clayey minerals due to the action of the 
metabolites, some of which — the organic acids — act as 
surfactants while others — mineral and organic acids — dis¬ 
solve inorganic amorphous compounds and weakly crystal¬ 
lized minerals cementing the particles [9, 27]. The multiplic¬ 
ity of abiotic and biochemical processes occurring can be re¬ 
duced to three main effects on kaolin: disaggregation of par¬ 
ticles and dispersing of the minerals to dissolution, migration 
of Si, Al, and Fe in the form of a suspension and their 
reprecipitation on the walls of pores and on the surface of ag¬ 
gregates. The biochemical processes result in destruction of 
aggregates and, correspondingly, reduction of the average 
size of kaolinite particles and the appearance of active cen¬ 
ters on them. As the kaolin dries out, depending its wetting 
time, a new microstructure with elevated density and low 
intra-aggregate porosity can form. 

Different chemical and physical methods are used for di¬ 
agnostics of ultrafme and amorphous components of kaolin. 
Selective dissolution is used mainly to identify and perform 
quantitative determination of the amorphous inorganic com¬ 
pounds (aluminosilicate gels and iron oxides) and poorly 
crystallized clayey minerals. The most commonly used 
method is Tamm extraction (pH = 3.3) [9,27,30], As the 
elements Si, Al, and Fe migrate into the Tamm solution the 
values for ZLD kaolin (over 29 samples) 0.20 - 5.90, 
0.10-2.30, and 0.30 - 1.60 mg/liter, respectively, exceed 
the values for Prosyanovskoe kaolin and Latnenskoe and 
Chasov-Yar clays but are much lower than the values for 
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Troshkovskoe clay (54.5, 20.5, and 3.50 mg/liter). These 
data suggest that the large size of the aggregates, especially 
characteristic for alkaline kaolin, is due to the presence of 
weakly crystallized and amorphous components, cementing 
small particles of kaolinite and halloysite into aggregates, 
whose presence electronic microscopy confirms. 

Probably, this explains the discrepancy between the data 
on the microaggregate state of kaolin and the sizes of the 
kaolinite crystals in different types of kaolin. On average, the 
sizes of the aggregates of alkaline kaolin are larger than the 
aggregates of normal kaolin, but the kaolinite crystals in 
alkaline kaolin are smaller than the crystallites in normal 
kaolin. 

When the moisture content of kaolin changes, depending 
on the composition of the material the types of interparticle 
contacts change in a regular manner. Three types of contacts 
can form: coagulation, condensation, and phase. The coagu¬ 
lation and condensation contacts predominate between the 
clayey particles; these contacts are weak and their break¬ 
down is reversible. In a water condensation medium, con¬ 
densation contacts can change into coagulation contacts and 
be restored as they dry out. The thixotropic behavior of ka¬ 
olin is based on the properties of these coagulation contacts. 
The phase contacts are characterized by a substantial contact 
area between the mineral particles or the development of a 
new phase strongly binding the particles into micro¬ 
aggregates. 

ZLD kaolin differs by the presence of, together with co¬ 
agulation and condensation interparticle contacts, two types 
of phase contacts: crystallization contacts formed by iron 
oxides and cementation contacts formed by aluminosilicate 
gels. These types of contacts differ by their properties: 
non-swelling, weakly crystallized iron oxides, interacting 
with clayey minerals, modify their surface to some extent 
and are not dissolved by sodium pyrophosphate, so that ag¬ 
gregates do not breakdown — on the contrary, aluminosili¬ 
cate gels, possessing an amorphous structure, sorb a great 
deal of water and are weakly dissolved by sodium pyro¬ 
phosphate. For this reason, when kaolin samples are pre¬ 
pared according to GOST 23905 these microaggregates 
break down only partially. 

The relative ratios of the contact types change continu¬ 
ally as the sample-preparation conditions change. For exam¬ 
ple, when preparing kaolin samples for determining the ulti¬ 
mate bending strength the kaolin must be moistened to a 
plastic state and the samples must be kept for a definite pe¬ 
riod of time in the moistened and dry states As the samples 
dry out, the more coarsely disperse alkaline kaolin shows 
greater shrinkage and ultimate bending strength as compared 
with the granite kaolin (see Table 2). For example, the aver¬ 
age values of the ultimate bending strength and shrinkage are 
1.85 MPa and 4.3% for type-Akaolin samples and 3.16 MPa 
and 5.5% for case B 2 , respectively. This effect accompanying 
moistening can be explained by a change in the particle-size 
ratio toward smaller sizes with coagulation interparticle con¬ 


tacts predominating and the effect accompanying drying out 
can be explained by the densification of the particles, includ¬ 
ing a decrease of the intra-aggregate porosity with the coagu¬ 
lation contacts reverting back to condensation and phase 
contacts. 

Liquefaction and Fluidity of Kaolin Suspensions. It 

has been established that ZLD kaolin is difficult to liquefy, 
because to obtain the first fluidity T x of the suspension of 
kaolin a large amount of liquid glass is required, as compared 
with, for example, Glukhovetskoe kaolin with similar mois¬ 
ture content. 

The fluidity of a kaolin suspension with moisture content 
50% was determined after the suspension was allowed to 
stand for 30 sec (first fluidity T x ) and 30 min (second flui¬ 
dity T 2 ) in a VZ-246 viscometer with a 5 mm in diameter 
opening and addition of liquid glass. One-hundred fifty four 
kaolin samples were selected to determine the fluidity. 

Among 79 normal kaolin samples 41 possess first and 
second fluidity with thickening factor T { /T 2 corresponding 
to the requirements established, 12 samples possess only first 
fluidity and the remaining 26 have no fluidity. Only nine of 
75 samples of alkaline kaolin possess first and second fluid¬ 
ity, all others do not. Therefore, for at least half the normal 
kaolin samples and most of the alkaline kaolin samples the 
kaolin suspension has no fluidity while part of the samples 
possessing first fluidity have no second fluidity, i.e., when 
kept standing the suspension thickens. Hence, a structured 
disperse system forms in the kaolin suspension — a transi¬ 
tion occurs from a freely disperse to a bound disperse system 
with properties specific to it: the viscosity increases and the 
system loses its fluidity. These properties are determined by 
the nature of the contacts taking account of the chemical na¬ 
ture, shape, and surface state of the particles of the disperse 
phases and by the dispersity, degree of anisometricity, and 
concentration of the particles in the dispersion medium [31]. 

All these necessary conditions and criteria for the forma¬ 
tion of structured disperse systems were found while analyz¬ 
ing the experimental data on the structure and properties of 
ZDL kaolin. In the first place, alkaline kaolin as compared 
with normal kaolin consists of larger aggregates with a dif¬ 
ferent ratio of the types of contacts: coagulation, condensa¬ 
tion, and phase. In a kaolin suspension, abiotic and biochem¬ 
ical processes develop; their flow is confirmed by a change 
of the redox potential in model experiments with a kaolin 
suspension, the phase contacts break down and the ratio of 
the types of contacts changes as does the particle-size distri¬ 
bution with the particles becoming smaller, right down to the 
formation of ultrafine particles. As a result of the breakdown 
of the interparticle contacts the number of particles per unit 
volume increases, so that the viscosity of the suspension will 
increase considerably. In the second place, with respect to the 
degree of structural ordering kaolinite in alkaline kaolin is 
characterized as medium-perfect: as compared with kaolinite 
of normal kaolin the indices % R and Xepr have lower values 
and therefore the concentration of defects is higher. This fac- 
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tor increases the force and energy of interaction in the 
interparticle contacts, so that the critical concentration at 
which a structural network starts to form in the entire volume 
of the disperse system decreases. In the third place, in the 
presence of particles of anisometric shape, such as, in partic¬ 
ular, elongated plates of kaolinite, halloysite in the form of 
short stick-like particles to tubular crystals or particles of 
illite, the critical concentration giving rise to structuring of 
the disperse system decreases sharply. 

Thus, the regulation of the liquefaction and fluidity of a 
suspension of ZLD kaolin is based on a change in the contri¬ 
bution of factors and conditions impeding the formation of a 
structured disperse system. The following methods are most 
effective: 

- the dry method of enriching green kaolin, making it 
possible to divide kaolin according to fractions and find a ra¬ 
tio of kaolin particles with different size fractions, including 
a limit on the content of particles smaller than 1 pm [8]; 

- comprehensive use of, together with soda and liquid 
glass, organic liquefiers such as a carbon-alkaline reagent 
and sodium polyacrylates; as a result of their action the vo¬ 
lume of the water adsorbed by kaolin decreases and the vo¬ 
lume of free water increases in the total volume of the kaolin 
suspension [2, 8]; 

- hydrothermal processing of kaolin, which has a struc¬ 
ture-modifying effect on kaolins: the fraction of particles 
larger than 10-20 pm and < 1 pm decreases; the crystal¬ 
linity index of kaolinite increases; the strength of single con¬ 
tacts decreases and therefore the amount of liquefying addi¬ 
tive decreases, the conditionally statistical and conditionally 
dynamic ultimate fluidity decrease; 

- aging of moist green kaolin on open surfaces, chang¬ 
ing the periods of its freezing-thawing states followed by en¬ 
richment according to an established technological scheme; 
it was shown that after the green kaolin is allowed to age the 
micro-aggregate composition of kaolin changes, and the 
amount of halloysite and the thickening factor decrease; 

- drying of green kaolin for kaolin enrichment at higher 
temperature (> 200°C), which corresponds to the conditions 
of heat-treatment in the presence of vapor as compared with 
drying in a softer regime (about 100°C) and results in shorter 
first fluidity time and lower thickening factor of the kaolin 
suspension. 
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